Increased sensory stimulation in the adult whisker-to-barrel pathway induces the expression of BDNF as well as synapse formation in cortical layer IV. Here, we investigated whether BDNF plays a role in the alterations of connectivity between neurons by analyzing the ultrastructure of the BDNF heterozygote mouse, characterized by a reduced level of BDNF expression. Using serial section electron microscopy, we measured synapse density, spine morphology, and synaptic vesicle distribution to show that mice with a reduced level of BDNF have a barrel neuropil that is indistinguishable from wild-type controls. After 24 hr of whisker stimulation, however, there is no indication of synapse formation in the heterozygous mouse. Whereas the balance between excitatory and inhibitory synapses is modified in the controls, it remains constant in the heterozygotes. The distribution of synaptic vesicles in excitatory synapses is the same in heterozygous and wild-type mice and is not influenced by the stimulation paradigm. Spine volume, however, is unchanged by stimulation in the wild-type animals, but does increase significantly in the heterozygous animal. These results provide evidence that, in vivo, BDNF plays an important role in the structural rearrangement of adult cortical circuitry as a consequence of an increased sensory input.
Introduction
During adulthood, altered sensory experience results in significant physiological changes in the somatosensory cortex (Welker et al., 1992; Fox et al., 1996; Bronchti et al., 1999; Gierdalski et al., 1999; Jones et al., 2002) . These functional modifications are in parallel with structural changes, particularly at the level of the dendritic spine Trachtenberg et al., 2002) . Using two-photon microscopy, Trachtenberg et al. (2002) imaged dendritic spines in the mouse barrel cortex for a number of days in live adults. They showed that dendritic spines grow and retract during this period, and some form synapses as a function of altered sensory input. We have previously demonstrated that 24 hr of continuous, passive stimulation of a single whisker induced an increase in the density of dendritic spines as well as an increase in spines with a second inhibitory synapse . Although the molecular basis of dendritic spine changes remain unknown, the increased expression of BDNF mRNA in response to the same stimulation paradigm (Rocamora et al., 1996) strongly implicates this neurotrophin in the process. Originally discovered for its effects on the growth and survival of developing neurons, BDNF is involved in synaptic plasticity, such as long-term potentiation (LTP) in the hippocampus (Korte et al., 1995; Figurov et al., 1996; Patterson et al., 1996) , and in ocular dominance plasticity in the visual cortex (Cabelli et al., 1995; Huang et al., 1999) .
In the present study, we investigated the role of BDNF in adult synaptogenesis by asking whether the reduced level of BDNF expression affects whisker stimulation-induced modification of synapses in the barrel cortex. BDNF heterozygote mice (BDNF ϩ/Ϫ) have proved themselves to be a useful animal to study the role of BDNF in synaptic plasticity (Korte et al., 1995; PozzoMiller et al., 1999) . For example, they exhibit an impairment in LTP, synaptic responses to tetanus, and the number of docked vesicles at the hippocampal CA1 synapses (Korte et al., 1995; Patterson et al., 1996; Pozzo-Miller et al., 1999) . Using serial section electron microscopy and morphometric analyses, we determined synaptic density and analyzed the morphology of individual spines [for discussion and comparison of this method see Coggeshall and Lekan (1996) and Fiala and Harris (2001) ]. Comparison of these parameters showed that the neuropil of BDNF ϩ/Ϫ mice is the same to wild-type mice. However, reduced expression of BDNF prevents an increase in synaptic density after 24 hr of whisker stimulation. Whereas such stimulation induced a marked increase in the number of inhibitory synapses and in the number of spines with two synapses (one excitatory and one inhibitory) in the barrel cortex of the wild-type mice, neither occurred in the BDNF ϩ/Ϫ mice. Therefore, a certain level of BDNF is required to induce the formation of synapses and spines in the adult somatosensory cortex. To our knowledge, this is the first demonstration that activity-dependent control of synapse number in the adult cerebral cortex is mediated by BDNF.
Materials and Methods
Preparation of tissue lysates and ELISA quantification of BDNF. To measure BDNF protein levels in the barrel cortex, three pairs of 8-to 11-week-old siblings (BDNF heterozygous and wild type) were killed by deep anesthesia. The barrel cortices from each mouse were removed, and the remaining brain was fixed via cardiac perfusion. Once fixed, 40 m frozen sections were cut tangential to the surface of somatosensory cortex and Nissl stained to confirm the exact region of barrel cortex that had been sampled. These two pieces of barrel cortex were pooled and homogenized by sonification in homogenization buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 10 g/ml aprotinin, 1 g/ml leupeptine, 1 g/ml pepstatine, and 1 mM PMSF), followed by centrifugation for 5 min at 12,000 ϫ g at 4°C. The quantity of total protein in the supernatants was assessed by protein assay (Bio-Rad Laboratories, Hercules, CA), according to the manufacturer's instruction. BDNF protein levels were determined by ELISA (BDNF immunoassay system; Promega, Madison, WI) as described by the manufacturer. The value of the sample was normalized to the total soluble protein concentration, and the data were expressed as the mean Ϯ SD.
Passive whisker stimulation protocol. BDNF heterozygote colony was raised from two pairs of BDNF heterozygous mice in C57/BL6 background (Ernfors et al., 1994) . Three wild-type (ϩ/ϩ) and four BDNF ϩ/Ϫ male littermates were stimulated according to the protocol described previously (Melzer et al., 1985; Welker et al., 1992; Knott et al., 2002) , whereby a single piece of ferrous metal was glued to the left C2 whisker (1.5 mm long and 0.2 mm diameter) and the unanesthetised animals (2 months of age) were placed for 24 hr in a cylindrical cage inside an electromagnetic coil delivering a burst of electromagnetic field at 8 Hz. All procedures were reviewed and approved by the Office Veterinaire Cantonal (Lausanne), in accordance with Swiss Federal Laws.
Electron microscopy. Immediately after the 24 hr stimulation period, mice were anesthetized with pentobarbital (6 mg/100 gm body weight, i.p.) and perfused intracardially with 300 ml of fixative (2.5% glutaraldehyde and 2% paraformaldehyde in cacodylate buffer (0.1 M), pH 7.4, with 3 mM CaCl). Brains were removed 60 min later and placed in the same fixative for an additional 60 min. Vibratome sections (80 m thick) orientated tangentially to the barrel cortex, were cut from the cortex, contralateral to the stimulated whisker, and rinsed in cacodylate buffer. Sections were then postfixed in osmium tetroxide (1% in cacodylate buffer) for 40 min and in uranyl acetate (1% in water) for 30 min. Sections were then dehydrated in alcohol and embedded in Durcapan ACM resin (Fluka, Neu-Ulm, Germany) between silicon-coated glass slides. Barrels B2 and C2 were identified, and ultrathin sections (65 nm in thickness), on which both barrels were visible, were cut in series and collected on formvar-coated, single-slot gold grids.
Postembedding immunhistochemistry for GABA. The protocol was described previously by Knott et al. (2002) . Briefly, the resin sections were etched in 1% periodic acid, followed by 1% sodium metaperiodate, and then pretreated in 20 mM TBS, pH 7.4, containing 0.5% BSA and 1% NGS. These were then incubated overnight at 4°C in anti-GABA antibody (catalog #A2052; Sigma, St. Louis, MO) diluted at 1:1000 in the same buffer, followed by incubation for 120 min in goat anti-rabbit antibody coated with 15 nm gold particles (Aurion, Wageningen, Netherlands) diluted at 1:20. Sections were then rinsed in distilled water and contrasted twice with 1% uranyl acetate and lead citrate.
Acquisition of stacks of serial sections. Images of the sections were recorded using a Philips CM10 electron microscope. Once a region of neuropil, free of cell bodies and blood vessels, was found, images were captured using a digital camera (Digicam; Gatan, Munich, Germany) and the software Digimicrograph 2.5 (Gatan) at a final magnification of 10.5 K. For each mouse, and, therefore, each series of sections, images were acquired in both the B2 and C2 barrels, which were on the same thin sections. Serial images were then aligned using Adobe Photoshop 6.0 (Adobe, Mountain View, CA).
Calculation of synaptic densities. To calculate the density of synapses from a series of images, the Neurolucida software was used (version 4.34; MicroBrightField, Williston, VT) to visualize the stack of images and place a counting square over the region of neuropil. The volume of each stack was calculated by multiplying the area of the counting square by the total thickness of sections. All sections were cut at 65 nm (a silver gray interference color), as indicated by the ultramicrotome (Ultracut UCT; Leica, Nussloch, Germany); this thickness was also verified by using the diameters of at least 20 mitochondria in each stack, as described previously in Knott et al. (2002) . To count synapses, those touching the left and top sides of the counting frame were included in the count, whereas those touching the right and bottom sides were excluded. This procedure was performed by someone who did not know from which barrel or mice the images had been taken. Synapses are recognized as two-electrondense membranes separated by a synaptic cleft, the presynaptic element containing at least three synaptic vesicles. Each time a synapse was identified, it was counted only when it had disappeared in the subsequent images of the stack. They were classified by the nature of the presynaptic and postsynaptic elements. The presynaptic element was either classed as GABA positive or GABA negative. The postsynaptic element was identified as being either a spine or dendritic shaft and also whether or not it was GABA positive. Structures were considered as being GABA positive if more than three gold particles were seen to label the structure on each image in the stack that was visible. Dendritic spines were identified by their shape and size and the absence of microtubules and mitochondria. The majority of spines (Ͼ90%) contained a spine apparatus.
Three-dimensional reconstructions. Entire spines were reconstructed from the image stacks including their synaptic density and the surface of contact with astrocytes. Astrocytic processes were identified by their irregular shape, the lack of microtubules, and a clear cytoplasm. The software Neuroexplorer (version 3.30; Microbrightfield) was then used to calculate the volume and surface area of spines, as well as the synaptic surface and surface area of contact with the astrocytes based on the contours drawn. The solid views of spines were obtained using the module Depthanalyzer of Imaris 2.7 (Bitplane, Zurich, Switzerland) on an Octane 2 (Silicon Graphics, Mountain View, CA) workstation.
Quantitative analysis of synaptic vesicles.
To analyze the vesicles within synaptic boutons synapsing on dendritic spines, we used ultrathin sections that had not been used for GABA immunohistochemistry. Synapses were selected for counting based on the criteria defined previously by Pozzo-Miller et al. (1999) . Briefly, only synapses with a length approximately equal to the width of the presynaptic bouton were used, to avoid bias introduced by larger synapses. Only asymmetric synapses on spines were photographed. Synaptic vesicles were only counted when their membranes could be seen for at least one-half of their circumference. A total of 264 synapses in wild-type mice (n ϭ 3) and 242 synapses in BDNF ϩ/Ϫ mice (n ϭ 3) were analyzed. The image collection and counts were performed separately by two individuals in a strictly blind manner so that the counter did not know from which barrel, or animal, the synapse belonged. Using the NIH Image software, a line was drawn along the presynaptic density, and the center of each identified vesicle was plotted. The length of the synapse and the nearest distance between the vesicle and the presynaptic membrane were measured. The vesicles were considered as "docked" if they were located up to one-vesicle diameter distance from the presynaptic density, and the reserve pool of vesicles were those outside this perimeter.
Statistical analysis. Quantitative results were tested for normality in each case, and when applicable, parametric statistics were used; in the cases in which data distribution was not normal, nonparametric analyses were applied.
Results

Reduction in BDNF protein levels in the barrel cortex
The levels of BDNF protein were measured in the barrel cortex of the BDNF heterozygote animals. This region of the somatosensory cortex was confirmed using Nissl-stained tangential sections. The protein level in the barrel cortex of the BDNF heterozygotes, as measured by BDNF ELISA, was 9.8 Ϯ 2.2 (pg/mg total protein), significantly lower (52%) than that of wild-type siblings (20.4 Ϯ 2.0 pg/mg total protein; p Ͻ 0.01) (Fig. 1 ).
Morphometric analysis of dendritic spines in wild-type and BDNF ؉/؊ mice
We first analyzed the extent to which the BDNF ϩ/Ϫ mice are similar to the wild-type mice and whether or not a lower expression of BDNF leads to a spine morphology that is fundamentally different in adult animals. For the parameters listed in Table 1 , spines from the two groups were identical, indicating that a reduced expression of BDNF does not alter spine morphology. We further calculated the volume occupied by dendrites and their spines as well as the total dendritic length. These measurements showed that, in terms of the amount of dendrite present, the neuropil sampled from wild-type and BDNF ϩ/Ϫ mice are identical (volume in wild-type, 18.14 m 3 Ϯ 2.35 in 100 m 3 of neuropil; volume in BDNF ϩ/Ϫ, 20.56 m 3 Ϯ 2.84 in 100 m 3 of neuropil; p Ͼ 0.5 ANOVA; length of dendrite in 100 m 3 from: wild-type, 79.02 Ϯ 6.77; BDNF ϩ/Ϫ, 80.62 Ϯ 14.96; p Ͼ 0.5 ANOVA). After stimulation, the same comparisons were made (spine surface area and volume, non-GABAergic synapse surface area, and surface of contact with astrocytes) on 147 spines from stimulated barrels in the three wild-type mice and 148 spines in the stimulated barrels of the four BDNF ϩ/Ϫ mice. No significant differences were seen, except in spine volume (Table 1) . The distribution of this parameter is shown in Figure 2 . Whereas stimulation does not modify the distribution in the wild-type animals, in the stimulated barrels of BDNF ϩ/Ϫ mice the distribution was shifted significantly to larger values ( p ϭ 0.03; 2 test). Besides modifications in size, spines always had a single head; none was branched, indicating that the spine population in the barrel hollows of both sets of mice was similar. Of the spines that had two synapses, one was always excitatory, the other inhibitory. No spines were seen with more than two synapses.
It would seem, therefore, that a consequence of whisker stimulation in mice with a lower expression of BDNF is an increase in spine volume with no change in the synaptic surface area.
Effect of whisker stimulation on the number of docked vesicles in BDNF ؉/؊ and wild-type mice
The number of synaptic vesicles was counted in electron micrographs of non-GABAergic synapses on dendritic spines in the barrel hollows. Per synapse, two sets of vesicles were distinguished: those in the close vicinity of the presynaptic membrane, termed "docked," and the others, further away from the presynaptic membrane, non-docked vesicles within the reserve pool (see Materials and Methods) (Fig. 3) . For both docked vesicles as well as those in the reserve pool, no difference was detected between the two groups of mice. The median number of docked vesicles per active zone in three wild-type mice was 2 [interquartile range (IQR; p25-p75), 1-3] and in three BDNF ϩ/Ϫ mice was 3 (IQR, 2-3) (Mann-Whitney U test; p Ͼ 0.5). The median number of vesicles in the reserve pool of the wild-type mice was 7 (IQR, 4 -8) and in the BDNF ϩ/Ϫ mice was 7 (IQR, 6 -8) (Mann-Whitney U test; p Ͼ 0.5). After stimulation, there was no significant difference seen in either the number of docked vesicles of those in the reserve pool for either group of mice (Mann-Whitney U test; p Ͼ 0.8). A reduced expression of BDNF, or whisker stimulation, does not seem to alter vesicle distribution in the excitatory synapses.
Comparison of synaptic densities
Between the wild-type and BDNF ϩ/Ϫ mice, a comparison of the total synaptic density showed no significant difference in the unstimulated barrel hollows (wild-type, 0.92 Ϯ 0.06 synapses/m 3 ; BDNF ϩ/Ϫ, 0.97 Ϯ 0.2 synapses/m 3 ; p Ͼ 0.5; ANOVA). However, the three values obtained in the wild-type mice had a small variation between them (unstimulated barrel, 0.85-1.06), whereas the variation in the values obtained from the BDNF ϩ/Ϫ mice was significantly larger ( p Ͻ 0.05; F-test of variance). These results suggest that a reduction in the level of BDNF does not seem to affect the mean density of synapses in the barrel hollows but, rather, influences the interindividual variation in synaptic density in the barrel hollow.
After 24 hr of whisker stimulation, the synaptic density in the wild-type animals increased significantly by 17.6 Ϯ 8.0% ( p Ͻ 0.05; ANOVA; from 0.92 Ϯ 0.06 synapses/m 3 to 1.07 Ϯ 0.03 synapses/m 3 ) (Fig. 4 A) . This difference is mainly attributable to an increase in GABAergic synapses (see below). In BDNF ϩ/Ϫ mice, the difference between the stimulated and unstimulated barrel was not significant ( p Ͼ 0.5; ANOVA) with 0.94 Ϯ 0.14 and 0.97 Ϯ 0.21 synapses/m 3 (Fig. 4 A) . Therefore, a reduced level of BDNF prevents the increase in synaptic density induced by continuous whisker stimulation.
Density of GABAergic synapses
The neuropil from the wild-type unstimulated barrel had a density of GABAergic synapses of 0.13 Ϯ 0.03 synapses/m 3 , corresponding to 15.4 Ϯ 4.6% of the total synaptic density. These values were not significantly different from the values in the BDNF ϩ/Ϫ mice (0.17 Ϯ 0.07 synapses/m 3 ; p Ͼ 0.5; ANOVA), which is 17.3 Ϯ 4.9% of the total (Fig. 4 B) . This indicates that the reduced level of BDNF expression does not affect the overall balance between excitatory and inhibitory synapses in layer IV of the barrel cortex.
After whisker stimulation, in the wild-type mice, the density of GABAergic synapses increased significantly to 0.24 Ϯ 0.04 synapses/m 3 , corresponding to a 75.1 Ϯ 22.1% increase in GABAergic synapses ( p Ͻ 0.05; ANOVA) (Fig. 4 B) . This increase, however, was not observed in BDNF ϩ/Ϫ mice (unstimulated, 0.17 Ϯ 0.07; stimulated, 0.20 Ϯ 0.06; p Ͼ 0.5; ANOVA) ( Fig. 4 B) . So, the reduced expression of BDNF may impair the potential of GABAergic innervation to act on prolonged whisker stimulation.
Spine density
As mentioned above, the spine volume in unstimulated barrels between wild-type and BDNF ϩ/Ϫ mice is the same. Between these two groups, before and after whisker stimulation, there was also no significant change in the density of dendritic spines (unstimulated ϩ/ϩ, 0.55 Ϯ 0.13 spines/m 3 ; stimulated ϩ/ϩ, 0.73 Ϯ 0.01; unstimulated ϩ/Ϫ, 0.66 Ϯ 0.17; stimulated ϩ/Ϫ, 0.62 Ϯ 0.12; p Ͼ 0.1, ANOVA). Additional classification of the spines receiving more than one synapse, however, showed that there was a significant increase in the number of GABAergic synapses onto spines (Fig. 4C) . In the unstimulated barrel in ϩ/ϩ mice, the density of spines with two synapses is 0.03 Ϯ 0.01/m 3 (Fig. 4C ). In the stimulated barrel, it increases to reach 0.08 Ϯ 0.01/m 3 . Clearly, in the wild-type mice, a 24 hr period of whisker stimulation caused a marked increase of double innervated spines (171.4 Ϯ 97.6%; p Ͻ 0.05; ANOVA) (Fig. 4C) . In the BDNF ϩ/Ϫ mice, however, there was no increase in the density of inhibitory synapses on spines (unstimulated barrel, 0.05 Ϯ 0.03; stimulated barrel, 0.06 Ϯ 0.03; p Ͼ 0.1) (Fig. 4C) . It is of note that, in the unstimulated barrel, the ϩ/Ϫ mice have the same density of these specific synapses as the ϩ/ϩ controls ( p Ͼ 0.1; ANOVA).
Morphometric measurements of the spines that had two synapses showed that the surface covered by the excitatory synapse was not influenced by insertion of a second inhibitory synapse. The surface of inhibitory synapse was, indeed, stable between the four groups (mean inhibitory synaptic surface area, 0.03 Ϯ 0.01 m 2 ). Moreover, the GABAergic synapses on spines were always macular and seen on either the head or neck of the spines. In contrast, the non-GABAergic synapses had complex shapes and were always on the spine head (Fig. 5) .
Discussion
BDNFϩ/Ϫ mice were used to study whisker stimulationinduced synaptogenesis in the barrel cortex. The main findings can be summarized as: (1) the neuropil in the barrel hollows of adult BDNF ϩ/Ϫ and wild-type mice appear to be identical; (2) although whisker stimulation induced a significant increase in the density of synapses on spines in ϩ/ϩ animals, this increase was not observed in BDNFϩ/Ϫ mice; (3) a dramatic increase in the density of double-synapse spines (one excitatory and one inhibitory) was seen in ϩ/ϩ, but not in BDNFϩ/Ϫ, animals; and (4) whisker stimulation elicited an increase in spine size in Summary of the morphometric data obtained from the reconstructed spines of the unstimulated (B2) and stimulated (C2) barrel in the two groups of mice: ϩ/ϩ (n ϭ 3) and ϩ/Ϫ (n ϭ 4). The number of spines is indicated in parentheses in the top row, and that of GABAergic synapses in the bottom row. All data are presented as median (range). The volume of spines in the stimulated barrel hollows of ϩ/Ϫ mice is significantly larger compared with unstimulated one (Mann-Whitney U test; *p Ͻ 0.05). All other parameters did not alter significantly on stimulation.
BDNFϩ/Ϫ, but not in wild-type mice. These findings support the view that activity-induced changes in synapse number and morphology are mediated by BDNF and provide important insights into the mechanisms underlying the structural plasticity of CNS synapses in the adult cerebral cortex. Activity-dependent expression of BDNF mRNA has been observed in various brain regions associated with synaptic plasticity. In the whisker-to-barrel pathway, unilateral stimulation of a set of whiskers results in a significant increase in BDNF mRNA in the barrel corresponding to the stimulated whisker (Rocamora et al., 1996) , with the most dramatic increase observed in layer IV. BDNF gene expression is markedly enhanced in hippocampal slices in response to LTP-inducing stimuli (Patterson et al., 1992; Dragunow et al., 1993) . The level of BDNF mRNA is also rapidly and selectively increased in the hippocampus during learning and memory (Hall et al., 2000; Mizuno et al., 2000) . In the visual cortex, the expression of BDNF is regulated by visual inputs (Castren et al., 1992; Schoups et al., 1995; Pollock et al., 2001) , and monocular deprivation elicits a striking decrease in BDNF mRNA and protein in the corresponding part of the visual cortex (Bozzi et al., 1995; Rossi et al., 1999; Lein and Shatz, 2000) .
The neuropil of BDNF ؉/؊ mice It was previously shown that the BDNF ϩ/Ϫ mice are comparable with the wild-type animals in terms of peripheral sensory systems (Ernfors et al., 1994) . Also, the development of the cerebral cortex and its topographic maps, including barrel formation, is not modified by a reduced level of BDNF (Itami et al., 2000) . In the visual cortex, the ocular dominance plasticity is normal in BDNFϩ/Ϫ mice (Bartoletti et al., 2002) . The reduced level of BDNF, however, affects the induction of LTP at the CA1 synapses in the hippocampus (Korte et al., 1995) as well as at layer IV to layer III synapses in the visual cortex (Bartoletti et al., 2002) . This implies a threshold effect whereby a lower level of BDNF expression during development does not affect the establishment of a normal complement of synapses. During circuit formation, if the level of BDNF in heterozygote mice is near threshold, other uncontrolled factors may significantly influence synaptogenesis, leading to large variations among littermates, as seen in this study. However, during adulthood and situations of plasticity, the BDNF level may be insufficient, resulting in an abnormal response with neurons incapable of modifying their connectivity.
Our data also show that although a reduction in the BDNF level did not result in major modifications in the density of excitatory or inhibitory synapses in unstimulated barrels, there were larger variabilities in total synaptic density, density of GABAergic synapses, as well as the density of double innervated spines in the BDNF ϩ/Ϫ mice. These variabilities are unlikely to be attributable to genetic differences, hormonal fluctuations, or age differences because the animals used in this study were littermates. More likely is the possible role of BDNF during development in controlling synaptic density.
Despite no induction of synapse formation in these heterozygote animals, we did observe an increase in spine volume, suggesting little impairment of the signal transmission to the somatosensory cortex. Spine volume changes have previously been observed in response to alterations in various mediators of calcium buffering and transport (Korkotian and Segal, 1999; Vecellio et al., 2000; Sabatini et al., 2002) . These studies describe changes in calcium concentration affecting the spine volume. We suggest, therefore, that if spines are unable to gain an inhibitory synapse, increased excitation will lead to a greater influx of Ca ions leading to increased spine volume.
Previous studies using the same mice showed that the number of docked vesicles was decreased at the hippocampal CA1 synapses (Pozzo-Miller et al., 1999) , as well as at the synapses between parallel fibers and the Purkinje cells in the cerebellum (Carter et al., 2002) . In contrast, synapses in layer IV of the barrel cortex of these mice did not show a significant difference in total synaptic vesicles at excitatory synapses or those that were considered to be docked. These results indicate that, on the one hand, the role of BDNF in synaptic vesicle distribution could be restricted to certain populations of synapses and, on the other hand, suggest that layer IV synapses in the barrel cortex of BDNF ϩ/Ϫ mice are structurally normal and, therefore, capable of handling the altered sensory input during whisker stimulation.
Implications and mechanistic considerations
The whisker-to-barrel pathway is uniquely suited for studying morphological modifications of synapses in the adult brain in vivo. Stimulation of whiskers induces a series of changes in the barrel cortex, leading to a selective increase in the number of synapses corresponding to the activated barrel. In particular, there is a persistent increase in the number of double-innervated synapses with a GABAergic bouton on the spine . We demonstrated that a reduction in BDNF expression prevents all of these morphological changes induced by peripheral stimulation. These results are significant for several reasons. The study reveals a potential molecular mechanism for the activity-dependent modulation of the number and morphology of synapses in the adult brain. Other studies showed a role for BDNF in morphological alterations of neurons. In vitro, BDNF stimulates the growth of dendritic spines in cultured hippocampal neurons (Murphy et al., 1998; Tyler and Pozzo-Miller, 2001 ). Furthermore, BDNF was shown to affect only the dendritic development of inhibitory interneurons and not excitatory interneurons (Kohara et al., 2003) . This selectivity of BDNF reinforces the idea that growth factors like BDNF are important for the development of inhibitory neurons (Marty et al., 1997 ) that could, therefore, affect such important events as the promotion and an unstimulated barrel (B2) in three wild-type mice and in four BDNF ϩ/Ϫ mice were analyzed. In all graphs, the stimulated barrel of ϩ/ϩ mice shows a significantly increased density (*p Ͻ 0.05; ANOVA). The data from the ϩ/Ϫ animals show a large variation and no significant difference between the stimulated and unstimulated barrels in any of the three data sets. Each marker represents the density (number of synapses per cubic micrometer) within the sampled neuropil from each mouse Each color represents data for one mouse; the total volume of neuropil analyzed for each group is indicated along the abscissa in A.
of cortical inhibition, leading to changes in the regulation of critical periods, as has been demonstrated in the visual system (Huang et al., 1999) . From our data, it is conceivable, therefore, that the increase in BDNF mRNA and subsequent BDNF protein would promote the formation of new synapses in the barrel corresponding to the change in peripheral sensory stimulation. Although regulation of BDNF mRNA transcription by neuronal activity seems to be a general phenomenon, its physiological significance has not been established. In the hippocampus, LTPinducing stimuli reliably increase the level of BDNF mRNA in CA1 and dentate gyrus (Patterson et al., 1992; Dragunow et al., 1993) , but this phenomenon has not been linked directly to the induction or maintenance of hippocampal LTP. In the visual cortex, monocular deprivation in cat leads to a reduction in the BDNF mRNA level specifically in the ocular dominance columns corresponding to the deprived eye (Lein and Shatz, 2000) . Whisker stimulation has been shown to induce the expression of BDNF mRNA in a barrel-specific manner (Rocamora et al., 1996) . The peak of BDNF mRNA expression precedes the alterations in synaptic density and morphology induced by whisker stimulation . We now report that a wellcharacterized form of experience-dependant synaptic change is prevented in the barrel cortex of BDNF ϩ/Ϫ mice. Our results suggest that the structural plasticity observed in the barrel cortex is mediated by BDNF. Figure 5 . A subgroup of spines has two synapses, one GABA positive and one GABA negative. A series of four images ( A) shows a spine with two synapses found in the neuropil of a stimulated barrel in a wild-type animal. Serial sections were processed for GABA immunohistochemistry, and gold particles (appearing as solid black spots of small diameter) are found in structures containing GABA. The GABA-positive presynaptic bouton forms a symmetric synapse (arrowhead) with the spine (S), which receives a second asymmetric synapse (arrow) that appears in two parts with a GABA-negative axonal bouton. B, Three-dimensional reconstruction of this spine. The GABA-negative synapse is blue, and the GABA-positive synapse is red. Scale bar, 0.25 m.
